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(57) ABSTRACT 

A circuit may include a plurality of primary digital-to-analog 
(DAC) elements for converting a digital input signal into an 
analog output signal. A control circuit may control each pri 
mary DAC element to switch between a first state and a 
second state based on the digital input signal to provide the 
analog output signalatan output representing the digital input 
signal. A plurality of corrective DAC elements may be 
coupled in parallel to the plurality of primary DAC elements 
between the control circuit and the output. The plurality of 
corrective DAC elements may be controlled to mitigate for 
intersymbol interference (ISI) due to parasitic capacitance in 
the primary DAC elements. The plurality of corrective DAC 
elements may not contribute a direct current to the analog 
output signal. 
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1. 

METHOD AND APPARATUS FOR REDUCING 
CAPACTOR INDUCED IS IN DACS 

BACKGROUND 

The subject matter of this application is directed to digital 
to-analog converters (DACs), and more particularly to miti 
gating intersymbol interference (ISI) in DACs by accounting 
for parasitic capacitances in the DAC elements. 
DACs receive a digital input signal and provide an analog 

output signal (e.g., current, Voltage or electric charge) repre 
senting the digital signal. The DAC (e.g., a fully decoded 
DAC or a thermometric DAC) may include multiple unit 
elements providing a current or Voltage to a DAC output. In 
one design, the unit elements may include active current 
sources which are controlled by the switches to provide a 
current at the output. In another design, the unit elements may 
include resistors connected to a reference Voltage to generate 
the currents at the output. Depending on the value of the 
digital input signal, Switches are operated to control the con 
tribution of each unit element to provide an output current. 
The outputs of the unit elements are combined to provide an 
analog output signal representing the digital input signal. 
As the Switches are turned on or off, the parasitic capaci 

tances associated with the elements may draw charge from 
the outputs (e.g., virtual ground nodes of the Subsequent 
amplifying stage). Because in each clock cycle different unit 
elements may be activated and deactivated to provide the 
analog output signal corresponding to the digital input signal, 
the amount of charge drawn from the outputs may vary based 
on the change in the unit element states. The changes in the 
charge may draw a code dependent charge at the DAC output. 
The additional charge at the output may be the source for 
intersymbol interference (ISI), which is a form of distortion 
when error is dependent on the present code and previous 
codes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

So that features of the present invention can be understood, 
a number of drawings are described below. It is to be noted, 
however, that the appended drawings illustrate only particular 
embodiments of the disclosure and are therefore not to be 
considered limiting of its scope, for the invention may encom 
pass other equally effective embodiments. 

FIG. 1 illustrates a block diagram of a DAC according to an 
embodiment of the present invention. 

FIG. 2 illustrates a thermometric DAC circuit according to 
an embodiment of the present invention. 

FIG. 3 illustrates a resistive DAC circuit according to an 
embodiment of the present invention. 

FIG. 4 illustrates a current steering DAC circuit according 
to an embodiment of the present invention. 

FIG. 5 illustrates a block diagram of a continuous-time 
delta-sigma modulator (CTDSM) including an analog-to 
digital converter (ADC) according to an embodiment of the 
present invention. 

FIGS. 6A and 6B illustrate output spectrums for a continu 
ous-time delta-sigma modulator (CTDSM). 

DETAILED DESCRIPTION 

Embodiments of the present disclosure may relate to a 
method to mitigate for intersymbol interference (ISI) due to 
parasitic capacitance in digital-to-analog (DAC) elements. A 
circuit according to an embodiment of the present disclosure 
may include a plurality of primary DAC elements for con 
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2 
Verting a digital input signal into an analog output signal. A 
control circuit may control each primary DAC element to 
switch between a first state and a second state based on the 
digital input signal to provide the analog output signal at an 
output representing the digital input signal. A plurality of 
corrective DAC elements may be coupled in parallel to the 
plurality of primary DAC elements between the control cir 
cuit and the output. The plurality of corrective DAC elements 
may be controlled to mitigate for ISI due to parasitic capaci 
tance in the primary DAC elements. The plurality of correc 
tive DAC elements may be configured such that they do not 
contribute a direct current to the analog output signal. 

In one embodiment, the control circuit may control each of 
the corrective DAC elements to change between the first state 
and the second state such that a charge drawn from the outputs 
by parasitic capacitances of the main and corrective DAC 
elements is constant. In another embodiment, the control 
circuit may control each of the corrective DAC elements to 
switch between the first state and the second state such that a 
total number of the primary and corrective DAC elements 
transitioning between the first and second states is constant in 
each cycle. 

FIG. 1 illustrates a block diagram of a DAC 100 according 
to an embodiment of the present invention. The DAC 100 may 
include a control circuit 120, main DAC elements 130 and 
corrective DAC elements 140. The DAC 100 may provide an 
analog output signal 150 corresponding to a digital input 
signal 110. The corrective DAC elements 140 may be coupled 
in parallel to the main DAC elements 130 between the control 
circuit 120 and the output 150, corrective DAC 
The control circuit 120 may control the operation of the 

main DAC elements 130 based on a decoded digital input 
signal 110. The outputs of each of the main DAC elements 
130 may be combined (e.g., via an adder) to provide the 
analog output signal 150. The output signal 150 may be a 
differential output signal (OUTP and OUTN). 
The control circuit 120 may also control the operation of 

the corrective DAC elements 140 based the state of the main 
DAC elements 130 or based on the decoded digital input 
signal 110. The corrective DAC elements 140 may be con 
trolled such that the charge drawn from the outputs 150 by the 
total parasitic capacitance at the output 150 is approximately 
the same regardless of the state of the main DAC elements 
130. Regardless of the state of the corrective DAC elements 
140, the corrective DAC elements 140 may not provide direct 
current to the output 150. As will be discussed in more detail 
below, the corrective DAC elements 140 may still draw a 
charge at the output 150 due to the parasitic capacitance C2 in 
the corrective DAC elements 140. 
A reference Voltage V, 160 may be coupled to the main 

DAC elements 130. The reference voltage V, 160 may be 
used by the main DAC elements 130 to provide a current to 
the output 150 based on the control signals received from the 
control circuit 120. 

During operation parasitic capacitances C1, C2 (shown in 
phantom) may be present in the main DAC elements 130 and 
the corrective DAC elements 140. The parasitic capacitances 
C1, C2 may represent the parasitic capacitance of one or more 
unit elements in the main DAC elements 130 and/or the 
corrective DAC elements 140. While different components in 
the DAC elements may contribute to the parasitic capaci 
tance, the main source of the parasitic capacitance may be the 
switches in the DAC elements. As the Switches are controlled 
to provide the different states of the DAC elements, the para 
sitic capacitance in the DAC elements may change. 
The parasitic capacitances C1, C2 may degrade the perfor 

mance of the DAC 100 and the circuit including the DAC 100. 
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As the parasitic capacitances C1, C2 depend on the state of the 
DAC elements, the parasitic capacitance C1 may draw code 
dependent charge during Switching of the main DAC ele 
ments 130. 
To mitigate for the parasitic capacitance C1 degrading the 

performance of the DAC 100 (e.g., drawing code dependent 
currents), the corrective DAC elements 140 may be included 
in parallel to the main DAC elements 130. The corrective 
DAC elements 140 may be an approximate replica of the main 
DAC elements 130. In one embodiment, only the switches of 
the main DAC elements 130 are replicated in the corrective 
DAC elements 140. Thus, each switching circuit in the main 
DAC elements 130 may include a complementary switching 
circuit in the corrective DAC element 140. The reference 
voltage V, 160 may not be provided to the corrective DAC 
elements HO. Thus, the corrective DAC elements 140 may 
not include real current elements (not shown in FIG. 1) con 
tributing direct current to the output 150. The corrective DAC 
elements 140 may still contribute code dependent currents to 
the output 160 due to the parasitic capacitance of the correc 
tive DAC elements 140. 

In another embodiment, all circuit components in the main 
DAC elements 130 that may contribute parasitic capacitances 
may be replicated in the corrective DAC elements 110 to 
mimic the parasitic capacitances in the main DAC elements 
130. For example, resistor and/or current sources in the main 
DAC elements 130 may be replicated in the corrective DAC 
elements 140. The current sources in the corrective DAC 
elements 140 may be “dummy” current sources (e.g., OFF 
MOS devices). The resistors in the corrective DAC elements 
140 may be “dummy' resistors (e.g., having both terminals 
shorted to each other. 

In operation, the control circuit 120 may control the main 
and corrective DAC elements such that the charge drawn from 
the outputs 150 by the parasitic capacitances C1, C2 remain 
constant regardless of the state of the main DAC elements 
130. In one embodiment, to maintain constant parasitic 
capacitances C1, C2, the number of elements in the main 
DAC elements 130 and the corrective DAC elements 140 that 
change in each cycle may remain constant. For example, 
while kelements out of a total of N elements in the main DAC 
elements 130 change in a clock cycle, N-k elements in the 
corrective DAC elements 140 may also be changed. That is, 
during any cycle a total of N elements change their state. 
Thus, the total charge drawn due the parasitic capacitances 
C1, C2 may remain approximately constant regardless of 
which DAC elements are activated in the main DAC elements 
130 and the corrective DAC elements 140. It may not matter 
whether the elements change from an “on state' to an "off 
state' or from an “off state' to an “on state'. 

In another embodiment, each pair of complementary ele 
ments in the main DAC elements 130 and the corrective DAC 
elements 140 may have a different state. For example, while 
an element in the main DAC elements 130 is in a first state 
(e.g., on state), a complimentary element in the corrective 
DAC elements 140 may be in a second state (e.g., off state). 
Therefore, during each cycle N number of elements may be in 
the first state and N number of elements may be in the second 
state. Thus, the total charge drawn due the parasitic capaci 
tances C1, C2 may remain approximately constant regardless 
of the number of elements changing states in the main DAC 
elements to provide the needed analog output signal 150. 

In one embodiment, the first state may include the main 
DAC elements 130 providing a positive current to the output 
150 and the second state may include the main DAC elements 
130 providing no current to the output 150. In another 
embodiment, the first state may include the main DAC ele 
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4 
ments 130 providing a positive current to the output 150, and 
the second state may include the main DAC elements 130 
providing a negative current to the output 150. Because the 
corrective DAC elements 140 do not contribute direct current 
to the output 150, the first and second states of the corrective 
DAC elements 140 may be provided by mimicking that states 
of the Switches in the main DAC elements 130. 

FIG. 2 illustrates a thermometric DAC circuit 200 accord 
ing to an embodiment of the present invention. The DAC 200 
may include a control circuit 220, main DAC elements 230 
and corrective DAC elements 240. A reference Voltage V 
260 may be coupled to the main DAC elements 230. The 
thermometric DAC circuit 200 may be used to drive an ampli 
fier (e.g., the operational amplifier 522 shown in FIG. 5). 
The control circuit 220 may decode a digital input signal 

210 and provide control signals to control the operation of the 
main DAC elements 230 and the corrective DAC elements 
240. The outputs of each of the main DAC elements 230 may 
be combined (e.g., via an adder) to provide an analog output 
signal250. The output signal250 may be a differential output 
signal including OUTP and OUTN. 
The reference voltage V. 260 may be used by each of the 

main DAC elements 230 to provide a current to the output 250 
based on the control signals received from the control circuit 
220. In another embodiment, each of the main DAC elements 
230 may include one or more current sources (not shown in 
FIG. 2). The current sources may be controlled to provide a 
current to the output 250 based on the control signals received 
from the control circuit 220. 
The main DAC elements 230 may include a plurality of 

unit elements 230.1-N. The corrective DAC elements 240 
may include a plurality of unit elements 240.1-N. Each unit 
elements 230.1-N in the main DAC elements 230 may have a 
matching corresponding unit element 240.1-N in the correc 
tive DAC elements 240. Various layout techniques may be 
used to match the characteristics (e.g., parasitic capacitance) 
of the complementary unit elements in the main DAC ele 
ments 230 and the corrective DAC elements 240. In one 
embodiment, only the switches of the main DAC elements 
230.1-N are replicated in the corrective DAC elements 240.1- 
N. In another embodiment, all of the components (e.g., cur 
rent sources and/or resistors) in the main DAC elements 
230.1-N that may contribute to the parasitic capacitance are 
replicated in the corrective DAC elements 240.1-N. 
The plurality of unit elements 230.1-N may be identical 

unit elements (e.g., two-level current steering unit elements 
providing a positive state and an inert State at the outputs or 
providing a positive state and a negative state at the outputs). 
Alternatively, the plurality of unit elements 230.1-N may be 
weighted cells, where each of the weighted cells 230.1-N may 
provide a different current value. In another embodiment, a 
hybrid system may include both identical unit elements and 
weighted cells. In a hybrid system, the most significant bits 
may be provided to the identical unit elements and the least 
significant bits may be provided to the weighted cells. 
As discussed above, each unit element may include a para 

sitic capacitance. Depending on the state of the unit element 
a different parasitic capacitance may be provided by the unit 
element. The total parasitic capacitance of the unit elements 
in each of the main and corrective DAC elements is repre 
sented with parasitic capacitors C1, C2, respectively. 

Without the corrective DAC elements 240, the DAC 200 
may be susceptible to intersymbol interference (ISI) due to 
code dependent charges being generated by the parasitic 
capacitance C1 in the main DAC elements 230. The parasitic 
capacitances C1, C2 may draw code dependent currents when 
a voltage difference is present between the outputs OUTP and 
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OUTN (e.g., virtual grounds). The voltage difference may 
develop due to the outputs OUTP and OUTN being coupled 
to an integrator amplifier (e.g., operational amplifier 522 
shown in FIG. 5) having a finite bandwidth. As the unit 
elements having the parasitic capacitance change their state 
and their connection between the outputs OUTP and OUTN, 
the unit elements may draw a code dependent charge propor 
tional to the value of the parasitic capacitance and a difference 
in voltage at the outputs OUTP and OUTN. This code depen 
dent charge due to the parasitic capacitance may cause dis 
tortion and quantization noise in the circuits. 

During operation, based on the digital input signal 210, k 
number of elements in the main DAC elements 230 may 
change between a first state (e.g., providing a positive current 
at the output) and a second State (e.g., providing an inert State 
or a negative current at the output). Such a change in the state 
of the elements may draw a charge of kCAV, where k is the 
number of elements changing the state, C is the value of the 
parasitic capacitance of the element, and AV is the Voltage 
difference at the outputs OUTN and OUTP. Because the 
charge that is drawn may depend on the number of elements 
changing state, there is non-linearity in the value provided at 
the output 250. 

To correct for the non-linearity, the elements in the correc 
tive DAC elements 240 may be controlled to keep the number 
of elements changing states in the main DAC elements 230 
and in the corrective DAC elements 240 constant. For 
example, if k elements in the main DAC elements 230 change 
state in a particular cycle, N-k elements may change State in 
the corrective DAC elements 240. Thus, regardless of the 
digital input signal 210, the total charge drawn due to the 
parasitic capacitance maybe (k+N-k)*C*AV=N*C*AV. The 
analog signal at the output 250 may correspond to the digital 
signal at the input 210 because only the main DAC elements 
230 contribute a direct current to the output 250 while the 
corrective DAC elements 240 do not contribute a direct cur 
rent to the output 250. The secondary unit elements 240 may 
only contribute a charge due to the parasitic capacitance in the 
corrective DAC elements 240. 

In another embodiment (not shown in FIGS. 1 and 2), 
separate control circuits may be used to control the main DAC 
elements 230 and the corrective DAC elements 240. 
The DACs in FIGS. 1 and 2 may include other components 

not illustrated in these figures such as power Sources and other 
components for reducing EMI. Shuffling may be performed 
on the main DAC elements 230 and/or the corrective DAC 
elements 240 for linearity. 

FIG. 3 illustrates a resistive DAC circuit 300 according to 
an embodiment of the present invention. The resistive DAC 
circuit 300 may include a main DAC circuit 310 and a cor 
rective DAC circuit 340. The main DAC circuit 310 may 
include a plurality of switches A1, A2, A3, and A4, a pair of 
output terminals 312 and 314, and a pair of resistors 316 and 
318. The corrective DAC circuit 340 may include a plurality 
of switches B1, B2, B3, and B4, and the pair of output termi 
nals 312 and 314. The main DAC circuit 310 may correspond 
to one of the unit elements in the main DAC elements 130 
(shown in FIG. 1) or to one of the unit elements in the main 
DAC elements 230 (shown in FIG. 2). The corrective DAC 
circuit 340 may correspond to one of the unit elements in the 
corrective DAC elements 140 (shown in FIG. 1) or to one of 
the unit elements in the corrective DAC elements 240 (shown 
in FIG. 2). In another embodiment, the main DAC circuit 310 
and the corrective DAC circuit 340 may be included as one 
unit element in a DAC. 

In the main DAC circuit 310, the plurality of switches A1, 
A2, A3, and A4 may establish two circuit branches between 
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6 
resistors 316 and 318. Switches A1 and A3 may define a first 
branch, established between resistor 316, the output OUTP 
312, and resistor 318. Switches A2 and A4 may define a 
second branch, established between resistor 316, the output 
OUTN 314, and resistor 318. One terminal of the resistor 316 
may be coupled to a reference Voltage V and another 
terminal of the resistor 316 may be coupled to switches A1 
and A2. One terminal of the resistor 318 may be coupled to a 
second reference Voltage (e.g., ground) and another terminal 
of resistor 316 may be coupled to switches A3 and A4. 

In the corrective DAC circuit 340, the plurality of switches 
B1, B2, B3, and B4 may also establish two branches. 
Switches B1 and B2 may be coupled in series to define a first 
branch between the output OUTP312 and the output OUTN 
314. Switches B3 and B4 may be coupled in series to define a 
second branch between the output OUTP 312 and the output 
OUTN 314. Parameters of switches B1, B2, B3, and B4 may 
match the parameters of corresponding Switches A1, A2, A3, 
and A4, respectively, and may be arranged in the same con 
figuration between the outputs OUTP 312 and OUTN 314. 
As shown in FIG. 3, parasitic capacitances 320 and 322 

may be present in the main DAC circuit 310. The parasitic 
capacitance 320 may be coupled to the node connecting the 
resistor 316 and switches A1, A2. The parasitic capacitance 
322 may be coupled to the node connecting the resistor 318 
and switches A3, A4. The parasitic capacitances 320 and 322 
may include parasitic capacitance from one or more Switches 
and resistors in the main DAC circuit 310. During operation, 
when the outputs OUTP312 and OUTN 314 are at different 
Voltages, parasitic capacitance 320 and 322 may draw a code 
dependent charge. 

Similarly, parasitic capacitances 350 and 352 may be 
present in the corrective DAC circuit 340. The parasitic 
capacitances 350 may be coupled to the node connecting the 
switches B1 and B2. The parasitic capacitance 352 may be 
coupled to the node connecting the switches B3 and B4. 
Parasitic capacitances 350 and 352 may include parasitic 
capacitance from one or more Switches in the circuit. Because 
the components in the main DAC circuit 310 and the correc 
tive DAC circuit 340 may be similar, parasitic capacitance 
320 may be approximately equal to parasitic capacitance 350, 
and parasitic capacitance 322 may be approximately equal to 
parasitic capacitance 352. 

Control signals may be applied to the switches A1, A2, A3, 
and A4 to provide current or drain current from the output 
terminals 312,314. For example, switches A1 and A4 may be 
closed and switches A2 and A3 may be open to provide a first 
state. Switches A2 and A3 may be closed and switches A1 and 
A4 may be open to provide a second state. During the first 
state, the resistor 316 may provide current to the output 
OUTP312, and the resistor 318 may drain current from the 
output OUTN 314. During the second state, the resistor 316 
may provide current to the output OUTN 314, and the resistor 
318 may drain current from the output OUTP312. The defi 
nitions of the states discussed above are discussed with ref 
erence to the embodiment shown in FIG. 3, but may be 
defined differently in other embodiments. 

Similarly, control signals may be applied to the Switches 
B1, B2, B3, and 34 to provide a circuit having a first state and 
a second state that corresponds to the main DAC circuit 310. 
However, during the first state and the second state the cor 
rective DAC circuit 340 may not provide direct current to the 
outputs 312 and 314. 
To mitigate for ISI due to the parasitic capacitance, the 

main and corrective DAC circuits may be controlled such that 
the charge drawn from the outputs 312,314 by the parasitic 
capacitances remains constant regardless of the state of the 
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main DAC circuit 310. To maintain the constant charge drawn 
from the outputs 312, 314 by the parasitic capacitances, the 
total number of elements (primary and corrective circuits) 
that change the state every cycle may be constant (i.e. N). That 
is, both main and corrective DAC circuits 310 and 340 could 
be in the same state as long as the total number of Such 
elements (e.g., elements in FIG. 2) that change states remains 
COnStant. 

In another embodiment, the Switches in the corrective DAC 
circuit 340 may be controlled to change their state when the 
switches in the main DAC circuit 310 are controlled to switch 
their state. For example, when switches A1 and A4 are con 
trolled to open, switches B1 and B4 may be controlled to 
dose. Similarly, when switches A2 and A3 are controlled to 
close, switches B2 and B3 may be controlled to open. Thus, 
approximately the same parasitic capacitance may be present 
at the outputs 312,314 regardless of the state of the main DAC 
circuit 310. 

In one embodiment, the state of the Switches in the main 
DAC circuit 310 may always be different from the state of the 
complementary switches in the corrective DAC circuit 340. 
Table 1 illustrates the possible states of the switches in the 
main DAC circuit 310 and the corrective DAC circuit 310. 

TABLE 1 

A1 A2 A3 A4 B1 B2 

When circuit 310 is Closed Closed 
in first state 
When circuit 310 is 
in second state 

Open Open Open 

Open Closed Closed Open Closed Ope 

Activation of the corresponding Switches in the main and 
corrective DAC circuits 310, 340 may be operated in a 
complementary fashion. When a Switch in one circuit (e.g., 
Switch A1) is closed, the complementary Switch (e.g., Switch 
B2) may be open. Thus, during operation one of the parasitic 
capacitances 320 and 350 is drawing the charge at the outputs 
312,314, and one of the parasitic capacitances 322 and 352 is 
drawing the charge connected at the outputs 312,314. There 
fore, regardless of the state of the main DAC circuit 310, 
approximately the same charge is drawn by the parasitic 
capacitance at the outputs 312,314. 
The plurality of switches A1, A2, A3, and A4 and the 

plurality of switches B1, B2, B3, and B4 may be implemented 
as MOS transistors e.g., NMOS, PMOS or low voltage 
NMOS). In another embodiment, the resistors 316, 318 may 
be replaced with current sources. 
As shown in FIG. 3, the corrective DAC circuit 340 may 

include corrective resistors 366 and 368. The corrective resis 
tor 366 may correspond to the resistor 316 in the main DAC 
circuit 310 and the corrective resistor 368 may correspond to 
the resistor 318 in the main DAC circuit 310. The corrective 
resistors 366 and 368 may be included if the resistors 316 and 
318 contribute to the parasitic capacitances 320, 322. The 
terminals of the corrective resistor 366 may be shorted to each 
other and the terminals of the corrective resistor 368 may be 
shorted to each other. 

FIG. 4 illustrates a current steering DAC circuit 400 
according to an embodiment of the present invention. The 
current steering DAC circuit 400 may include a first set of 
switches A1, A2, A3, and A4, a second set of switches B1, B2, 
B3, and B4, a pair of output terminals 412 and 414, and a pair 
of current sources 416 and 418. The DAC circuit 400 may 
correspond to one of the unit elements in the main DAC 
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8 
elements 230 (shown in FIG. 2) and to one of the elements in 
the corrective DAC elements 240 (shown in FIG. 2). 
The first set of switches A1, A2, A3 and A4 may establish 

two circuit branches between a first current source 416 and a 
second current source 418. Switches A1 and A3 may define a 
first branch, established between current source 416, the out 
put OUTP 412, and current source 418. Switches A2 and A4 
may define a second branch, established between current 
source 416, the output OUTN 414, and current source 418. 
The first current source 416 may be coupled to switches A1 
and A2. The second current source 118 may be coupled to 
switches A3 and A4. 
The second set of switches B1, B2, B3, and B4 may also 

establish two branches. Switches B1 and B2 may be coupled 
in series to define a first branch between the output OUTP412 
and the output OUTN 414. Switches B3 and B4 may be 
coupled in series to define a second branch between the output 
OUTP412 and the output OUTN414. Parameters of switches 
B1, B2, B3, and B4 may match the parameters of correspond 
ing Switches A1, A2, A3, and A4, respectively, and may be 
arranged in the same configuration between the outputs 
OUTP 412 and OUTN 414. 

B3 B4 

Closed Open 

Open Closed 

As shown in FIG. 4, parasitic capacitances 420 and 422 
may be present in the branches formed by the first set of 
switches A1, A2, A3, and A4. The parasitic capacitance 420 
may be coupled to the node connecting the first current source 
416 and Switches A1, A2. The parasitic capacitance 422 may 
be coupled to the node connecting the second current source 
418 and switches A3, A4. The parasitic capacitances 420 and 
422 may include parasitic capacitances from one or more 
switches and resistors in the branches formed by the first set 
of switches A1, A2, A3, and A4. During operation, when the 
outputs OUTP412 and OUTN 414 are at different voltages, 
parasitic capacitance 120 and 422 may draw a code dependent 
charge. 

Similarly, parasitic capacitances 450 and 452 may be 
present in the branches formed by the second set of switches 
B1, B2, B3, and B4. The parasitic capacitance 450 may be 
coupled to the node connecting the switches B1 and B2. The 
parasitic capacitance 452 may be coupled to the node con 
necting the switches B3 and B1. Parasitic capacitances 450 
and 452 may include parasitic capacitances from one or more 
Switches in the circuit. Because the components in the 
branches formed by the first set of switches A1, A2, A3, and 
A4 may be similar to the components in the branches formed 
by the second set of switches B1, B2, B3, and B4, parasitic 
capacitance 420 may be approximately equal to parasitic 
capacitance 450, and parasitic capacitance 422 may be 
approximately equal to parasitic capacitance 452. 

Control signals may be applied to the switches A1, A2, A3, 
and A4 to provide current to or drain current from the output 
terminals 412,414. For example, switches A1 and A4 may be 
closed and switches A2 and A3 may be open to provide a first 
state. Switches A2 and A3 may be closed and switches A1 and 
A4 may be open to provide a second state. During the first 
state, the first current source 416 may provide current to the 
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output OUTP 412 and the second current source 418 may 
drain current from the output OUTN 414. During the second 
state, the first current source 416 may provide current to the 
output OUTN 414 and the second current source 418 may 
drain current from the output OUTP 412. The definitions of 5 
the states discussed above are discussed with reference to the 
embodiment shown in FIG.4, but may be defined differently 
in other embodiments. 

To mitigate for ISI due to the parasitic capacitances, the 
DAC circuit 400 may be controlled such that the charge drawn 10 
from the outputs 412, 414 by the parasitic capacitances 
remains constant regardless of the state of the DAC circuit 
400. To maintain the constant charge drawn from the outputs 
412, 414 by the parasitic capacitances, the total number of 
elements (primary and corrective circuits) that change the 
state every cycle may be constant (i.e. N). 

In one embodiment, while the first set of switches A1, A2, 
A3, and A4 are controlled to provide current or drain current 
from the output terminals 412,414, the second set of switches 
B1, B2, B3, and B4 may be controlled to ensure that the 
parasitic capacitance remains approximately the same 
regardless of the DAC circuit 400 state. Because the current 
sources 416 and 418 are not connected to the branches formed 
by the second set of Switches B1, B2, B3, and B4, these 
branches may not provide direct current to the outputs 412 
and 414. Providing approximately the same parasitic capaci 
tance in the DAC circuit 400 regardless of the state of the 
circuit may help to mitigate for ISI due to the parasitic capaci 
tance. 

Table 2 illustrates the possible states of the first and second 30 
set of switches in the first state and the second state of the 
DAC circuit 400. 

15 

25 

TABLE 2 

A1 A2 A3 A4 B1 B2 B3 

First State Closed Open Open Closed Open Closed Closed 
Second State Open Closed Closed Open Closed Open Open 

40 

Activation of the corresponding Switches in the first and 
second set of Switches may be operated in complementary 
fashion. When a switch in the first set of switches (e.g., switch 
A1) is closed, the complementary Switch in the second set of 
Switches (e.g., Switch B2) may be open. Thus, during opera 
tion one of the parasitic capacitances 420 and 450 is drawing 
the charge at the outputs 412, 414, and one of the parasitic 
capacitances 422 and 452 is drawing the charge at the outputs 
412,414. Therefore, regardless of the state of the main DAC 
circuit 400, approximately the same charge is drawn by the 
parasitic capacitance at the outputs 412,414. 
The first set of switches A1, A2, A3 and A4 and the second 

set of switches 31, 62, B3 and B4 may be implemented as 
MOS transistors (e.g., NMOS, PMOS or low voltage 
NMOS). In another embodiment, the current sources 416, 
418 may be replaced with resistors and Voltage sources. 
As shown in FIG. 4, the corrective DAC circuit 440 may 

include dummy current sources 466 and 468. The dummy 
current source 466 may correspond to the current source 416 
in the main DAC circuit 410 and the dummy current source 
468 may correspond to the current source 418 in the main 
DAC circuit 410. The dummy current sources 466 and 468 
may be included if the current sources 416, 418 contribute to 
the parasitic capacitances 420, 422. The dummy current 
sources 466 and 468 may be OFF MOS devices. 

FIG. 5 illustrates a block diagram of a continuous-time 
delta-sigma modulator (CTDSM) 500 including an ADC 
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10 
according to an embodiment of the present invention. The 
CTDSM may include an input resistor 510, an integrator 520, 
an analog to digital converter (ADC) 540, and a DAC 550. 
The CTDSM500 may receive an analog input signal V, and 
provide a digital output signal D corresponding to the 
analog input signal Vy. 
An input signal V, may be provided to a first terminal of 

the input resistor 510, and a second terminal of the input 
resistor 510 may be coupled to an input terminal of the inte 
grator 520. An output terminal of the integrator 520 may be 
coupled to an input terminal of the ADC 540 and an output 
terminal of the ADC 540 may provide an output signal D, 
of the CTDSM500. The output terminal of the ADC540 may 
also be coupled to an input terminal of the DAC 550, and an 
output terminal of the DAC 550 may be coupled to the inte 
grator 520 via a summing node Ns. 
The input signal V may be an analog input signal, which 

may vary continually over time. The input signal V may be 
a single-ended signal or a differential signal. The input signal 
V may be applied to the input resistor 510 to provide an 
input current I corresponding to the input signal V. The 
integrator 520 may receive the input current I and an ana 
log-converted feedback signal I, from the DAC 550, and 
integrate a sum of the input current I and the feedback signal 
I. As shown in FIG. 5, the integrator 520 may include an 
active RC configuration including an operational amplifier 
522 and capacitor 524. 
The ADC 540 may convert the output of the integrator 520 

into a digital output D. The DAC 550 may receive the 
digital output signal D and convert the digital output sig 
nal Dinto an analog feedback signal I. The analog feed 
back signal I may be summed with the input current Ivatthe 

B4 

Open 
Closed 

Summing node Ns, and the Summed signal may be pro 
vided to the integrator 520. The DAC 550 may correspond to 
one of the DAC circuits discussed above. 

FIG. 6A illustrates an output spectrum for a CTDSM with 
out a correction DAC circuit, and FIG. 6B illustrates an output 
spectrum for a CTDSM including a correction DAC circuit. 
As shown FIG. 6A, the output spectrum of the circuit without 
a correction DAC circuit may include large harmonics and an 
increase of quantization noise. As shown in FIG. 6B, includ 
ing a correction DAC circuit in the CTDSM reduces the 
harmonics and quantization noise. 

FIG. 5 illustrate a first-order CTDSM for illustration pur 
poses only, and the embodiments of the present invention may 
be provided with other architectures of CTDSMs (e.g., higher 
order CTDSMs) or may be provided with a discrete time 
delta-signal modulators (DTDSMs). 
The above discussed embodiments to mitigate ISI due to 

parasitic capacitance may be applied on other circuits. For 
example, embodiments discussed above may be applied to 
circuits having a single output and/or a single current source. 

In the above description, for purposes of explanation, 
numerous specific details have been set forth in order to 
provide a thorough understanding of the inventive concepts. 
As part of this description, Some structures and devices may 
have been shown in block diagram form in order to avoid 
obscuring the invention. Reference in the specification to 
“one embodiment” or “an embodiment’ means that a particu 
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lar feature, structure, or characteristic described in connec 
tion with the embodiment is included in at least one embodi 
ment of the invention, and multiple references to “one 
embodiment' or “an embodiment’ should not be understood 
as necessarily all referring to the same embodiment. 
One or a plurality of the above illustrated operations 

described herein may be implemented in a computer program 
that may be stored on a storage medium having instructions to 
program a system to perform the operations. The storage 
medium may include, but is not limited to, any type of disk 
including floppy disks, optical disks, compact disk read-only 
memories (CD-ROMs), compact disk rewritable (CD-RWs), 
and magneto-optical disks, semiconductor devices Such as 
read-only memories (ROMs), random access memories 
(RAMs) such as dynamic and static RAMs, erasable pro 
grammable read-only memories (EPROMs), electrically 
erasable programmable read-only memories (EEPROMs), 
flash memories, magnetic or optical cards, or any type of 
media suitable for storing electronic instructions. Other 
embodiments may be implemented as Software modules 
executed by a programmable control device. 
As used in any embodiment in the present disclosure, "cir 

cuitry may comprise, for example, singly or in any combi 
nation, analog circuitry, digital circuitry, hardwired circuitry, 
programmable circuitry, state machine circuitry, and/or firm 
ware that stores instructions executed by programmable cir 
cuitry. Also, in any embodiment herein, circuitry may be 
embodied as, and/or form part of one or more integrated 
circuits. 

It will be appreciated that in the development of any actual 
implementation (as in any development project), numerous 
decisions must be made to achieve the developers specific 
goals (e.g., compliance with system and business related con 
straints), and that these goals will vary from one implemen 
tation to another. It will also be appreciated that such devel 
opment efforts might be complex and time consuming, but 
would nevertheless be a routine undertaking for those of 
ordinary skill in art having the benefit of this disclosure. 

What is claimed is: 
1. A circuit comprising: 
a plurality of primary digital-to-analog (DAC) elements for 

converting a digital input signal into an analog output 
signal; 

a control circuit controlling each primary DAC element to 
Switch between a first state and a second state based on 
the digital input signal to provide the analog output 
signal representing the digital input signal at an output; 
and 

a plurality of corrective DAC elements coupled in parallel 
to the plurality of primary DAC elements between the 
control circuit and the output, 

wherein the control circuit controls each of the corrective 
DAC elements to switch between the first state and the 
second state Such that a charge drawn from the output by 
parasitic capacitances of the main and corrective DAC 
elements is Substantially constant. 

2. The circuit of claim 1, wherein the control circuit con 
trols each of the corrective DAC elements to switch between 
the first state and the second state such that a total number of 
the primary and corrective DAC elements transitioning 
between the first and second states is constant in each cycle. 

3. The circuit of claim 1, wherein the corrective DAC 
elements do not contribute a direct current to the analog 
output signal. 

4. The circuit of claim 1, wherein in the first state the 
primary DAC elements provide a positive current to the out 
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12 
put, and in the second state the primary DAC elements pro 
vide a negative current to the output. 

5. The circuit of claim 1, wherein the primary DAC ele 
ments are resistive DAC elements. 

6. The circuit of claim 1, wherein the primary DAC ele 
ments are current steering DAC elements. 

7. The circuit of claim 1, wherein the output signal is a 
differential output signal. 

8. The circuit of claim 1, wherein the plurality of primary 
DAC elements are a thermometric DAC. 

9. The circuit of claim 1, wherein the control circuit con 
trols a plurality of switches to switch the primary DAC ele 
ments between the first state and the second state, and the 
switches are one of a NMOS switch, a PMOS switch, and a 
low voltage NMOS switch. 

10. A digital-to-analog (DAC) element, comprising: 
a first current source: 
a second current source: 
a first set of Switches arranged to form a plurality of pri 
mary circuit branches between the first and the second 
current sources, wherein: 
a first of the primary circuit branches includes a first 

switch connected between the first current source and 
a first output terminal, and a second Switch connected 
between the second current source and the first output 
terminal, 

a second of the primary circuit branches includes a third 
switch connected between the first current source and 
a second output terminal, and a fourth Switch con 
nected between the second current source and the 
second output terminal; and 

a second set of Switches arranged to form a plurality of 
corrective circuit branches between the first and the sec 
ond output terminals, wherein: 
a first of the corrective circuit branches includes a fifth 

switch and a sixth switch connected in series between 
the first and the second output terminals, and 

a second of the corrective circuit branches includes a 
seventh Switch and an eighth Switch connected in 
series between the first and the second output termi 
nals. 

11. The DAC element of claim 10, wherein the first set of 
Switches in the primary circuit branches are operated to pro 
vide one of two states in each clock cycle, the states including: 

a first state in which the first current source provides cur 
rent to the first output terminal and the second current 
Source drains current from the second output terminal, 
and 

a second state in which the first current source provides 
current to the second output terminal and the second 
current source drains current from the first output termi 
nal. 

12. The DAC element of claim 11, wherein the second set 
of switches in the corrective circuit branches are operated to 
provide one of two states in each clock cycle, the states 
including: 

a first state in which the fifth switch and the eighth switch 
are closed and the sixth switch and the seventh switch 
are open, and 

a second state in which the fifth switch and the eighth 
switch are open and the sixth switch and the seventh 
Switch are closed; and 

the first set of switches and the second set of switches are 
controlled such that in each clock cycle when the first set 
of switches provides the first state the second set of 
switches provides the second state, and when the first set 
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of switches provides the second state the second set of 
Switches provides the first state. 

13. The DAC element of claim 12, wherein the second set 
of Switches in the first and second states do not contribute a 
direct current to the first and second outputs. 5 

14. The DAC element of claim 10, wherein the switches of 
at least one of the first and second sets of switches include one 
ofa NMOS switch, a PMOS switch, and a low voltage NMOS 
switch. 

15. A digital-to-analog (DAC) element, comprising: 
a first resistor coupled to a first reference voltage; 
a second resistor coupled to a second reference voltage; 
a first set of switches arranged to form a plurality of pri 
mary circuit branches between the first and the second 
resistors, wherein: 
a first of the primary circuit branches includes a first 

switch connected between the first resistor and a first 
output terminal, and a second switch connected 
between the second resistor and the first output termi 
nal, 

a second of the primary circuit branches includes a third 
switch connected between the first resistor and a sec 
ond output terminal, and a fourth switch connected 
between the second resistor and the second output 
terminal; and 

a second set of Switches arranged to form a plurality of 
corrective circuit branches between the first and the sec 
ond output terminals, wherein: 
a first of the corrective circuit branches includes a fifth 

switch and a sixth switch connected in series between so 
the first and the second output terminals, and 

a second of the corrective circuit branches includes a 
seventh switch and an eighth switch connected in 
series between the first and the second output termi 
nals. 35 

16. The DAC element of claim 15, wherein the first set of 
Switches in the primary circuit branches are operated to pro 
vide one of two states in each clock cycle, the states including: 

a first state in which the first resistor is coupled to the first 
output terminal and the second resistor is coupled to the 
second output terminal, and 

a second state in which the first resistor is coupled to the 
Second output terminal and the second resistor is 
coupled to the first output terminal. 

17. The DAC element of claim 16, wherein the second set 
of switches in the corrective circuit branches are operated to 
provide one of two states in each clock cycle, the states 
including: 
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a first state in which the fifth switch and the eighth switch 

are closed and the sixth switch and the seventh switch 
are open, and 

a second state in which the fifth switch and the eighth 
switch are open and the sixth switch and the seventh 
Switch are closed; and 

the first set of switches and the second set of switches are 
controlled such that in each clock cycle when the first set 
of switches provides the first state the second set of 
Switches provides the second state, and when the first set 
of switches provides the second state the second set of 
switches provides the first state. 

18. The DAC element of claim 17, wherein the second set 
of Switches in the first and second states do not contribute a 
direct current to the first and second outputs. 

19. The DAC element of claim 15, wherein the switches of 
at least one of the first and second sets of switches include one 
ofa NMOS switch, a PMOS switch, and a low voltage NMOS 
switch. 

20. A method comprising: 
receiving a digital input signal at an input; 
switching each of a plurality of primary DAC elements 

between a first state and a second state based on the 
digital input signal to convert the digital input signal into 
an analog output signal; 

outputting the analog output signal to an output; and 
switching each of a plurality of corrective DAC elements 

between the first state and the second state such that a 
charge drawn from the output by parasitic capacitances 
of the main and corrective DAC elements is substantially 
constant, 

wherein the plurality of primary DAC elements are pro 
vided in parallel to the plurality of corrective DAC ele 
ments between the input and output. 

21. The method of claim 20, further comprising: 
controlling the switching between the first state and the 

second state such that the total number of primary and 
corrective DAC elements transitioning between the first 
and second state is constant in each cycle. 

22. The method of claim 20, wherein the switching of the 
corrective DAC elements does not contribute a direct current 
to the analog output signal. 

23. The method of claim 20, wherein in the first state the 
primary DAC elements provide a positive current to the out 
put, and in the second state the primary DAC elements pro 
vide a negative current to the output. 
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